Objectives: There have been very few longitudinal studies of dental caries in adolescents, and little study of the caries risk factors in this age group. The purpose of this study was to describe different caries trajectories and associated risk factors among members of the Iowa Fluoride Study (IFS) cohort.
| INTRODUCTION
Adolescence, the period between ages 12 and 20, is characterized by many physical and social changes. This life phase is also marked by increased independence from parents, resulting in changes in behaviour, including those relating to diet and oral hygiene. 1 As such, the development of these "independent" behaviours can affect oral health and establish life-long patterns of behaviour.
1,2
Despite the myriad of changes occurring during adolescence that can affect oral health, relative to early childhood, there has been relatively little study of caries in adolescents. The most recent US NHANES found that 50% of 12-to 15-year-olds and 67% of 16-to 19-year-olds had caries experience. 3 In addition to these national data, studies conducted in individual states have also demonstrated the prevalence of caries experience to be 50% or greater. [4] [5] [6] Factors associated with risk for caries in adolescents have been identified in recent cross-sectional studies. These studies identified lower socioeconomic status, [7] [8] [9] daily consumption of sugary drinks, 8 not eating breakfast 9 and infrequent tooth brushing 8, 9 as factors associated with caries among individuals in mid-adolescence. There are relatively few longitudinal studies of caries risk factors, but one such study of 13-year-olds in Finland found that previous caries experience and incipient caries, as well as sucrose consumption, were associated with 11-month caries incidence. 10 Another study 11 found that lower socioeconomic status and previous caries experience were associated with caries incidence among adolescents followed from age 12 to age 14 in Sweden. Finally, Foster Page and Thomson 12 assessed factors associated with 3-year caries increment among New
Zealand teens who were 13 years old at baseline, finding significant risk factors to be lower Socioeconomic Status (SES) and being male.
While these studies have identified risk factors for caries in adolescents, the two strongest predictors (previous caries experience and low SES) are neither biological nor readily modifiable, and thus, there is a need for a deeper understanding of caries risk in this age group.
In addition, there are virtually no longer term studies of this life stage that consider a larger variety of modifiable risk factors. This study presents data on longitudinal caries patterns of adolescents in the Iowa Fluoride Study (IFS) using a clustering technique similar to the approach used by Broadbent, et al., 13 which used trajectory modelling to identify three clusters of individuals based on the number of decayed missing and filled surfaces (DMFS) scores among those participating a longitudinal study in New Zealand which covered ages 5 through 32. This study also utilized trajectory modelling to identify DMFS trajectories (clusters), but also included an analysis of longitudinal risk factors related to caries cluster membership. The purpose of this study was to describe different caries clusters and associated risk factors among members of the IFS cohort.
| ME TH ODS
Descriptions of the IFS cohort, its recruitment and the study design have been reported previously, so only a brief description is included here. [14] [15] [16] The IFS recruited a birth cohort from eight Iowa postpartum wards during 1992-1995, and has followed these children (now young adults) since recruitment by gathering questionnaire data through surveys every 6 months on fluoride exposures, oral hygiene practices and diet. Dental examinations for caries and fluorosis took place at the approximate ages of 5, 9, 13 and 17 by a team of trained and calibrated dentist examiners, 14 using caries criteria developed for the study which distinguished cavitated from noncavitated lesions. 16 For these analyses, we included only those participants who had adequate questionnaire data (defined as having completed at least one questionnaire during each of five time periods between the ages of 9 and 17), and those who had completed all three dental examinations at ages 9, 13 and 17. This resulted in a sample size of 396 from the 413 who had completed dental examinations at ages 9, 13 and 17. The sample was comprised of 183 (46.2%) males and 213 (53.8%) females. Summary data on the number of decayed and filled surfaces (DFS) were computed for each subject at each time period, and these values were used to develop DFS clusters, as described below.
The number of decayed, filled, and filled and decayed permanent tooth surfaces (DFS) was determined at each of the three periods. For the age 9 examination, only the first molars and incisors (both lateral and central) were considered. Within each subject, the increments of DFS surfaces were calculated between the age 9 and 13 examinations and between the age 13 examination and 17 examination.
| Analyses
A hierarchical clustering procedure was performed using the "hclust" function with Ward's method from the "stats" package in R (R: A Language and Environment for Statistical Computing, Vienna, Austria, 64-bit Version R-3.0.2) to group the children into different DFS trajectories. Hierarchical clustering starts with every individual in his or her own group; it then iteratively combines participants until the entire population forms a single group. Specifically, Ward's hierarchical method combined people into clusters to minimize within-group variability and maximize between-group variability. The target number of clusters was then specified manually, and the algorithm assigned a cluster membership for each individual.
Clustering was performed using two separate approaches among the 396 individuals who had observations at all three-time points.
The first approach allowed the clustering algorithm to mathematically determine the clusters among the entire sample. The second approach removed individuals who had zero DFS counts at age 17 (N=142) and "forced" a zero cluster upon them. The clustering algorithm was then performed on the remaining 254 individuals to mathematically determine new cluster memberships.
Initially, clusters were created using age 9 DFS counts, ages 9-13 DFS increment and ages 13-17 DFS increment. Two through five sets of DFS clusters were assessed to determine clinical relevance.
For both approaches of clustering (that is, mathematical and forced zero), the age 9 DFS mean counts were not clinically different
between clusters regardless of the number created. Also, some clusters were created with a very small number of participants (for example, 15 people in a cluster). Owing to the clinical similarity at age 9 and the small sample size issue, the clustering algorithm for both approaches was repeated using only age 13 DFS counts and ages 13-17 DFS increment. As hierarchical clustering is a descriptive technique, there is no "best" method for determining cluster membership. Instead, the goal is to determine a method which captures clinically meaningful patterns.
Due to the abundance of dietary data available, the best way to utilize this information in modelling the outcome cluster membership was determined. Several representation methods were considered including using dietary variable intakes around targeted visit dates (that is, at ages 9, 13 and 17) as separate predictors, using the change(s) in dietary intakes over examination visits, and averaging over the entire adolescent period (that is, over the years between ages 9 and 17). Separate multinomial logistic regressions predicting cluster membership were performed using four beverage intake vari- Once the optimal dietary representation was identified, bivariate analyses were undertaken to assess the differences among cluster group memberships for demographic and dietary intake variables.
Kruskal-Wallis analyses, the nonparametric form of one-way ANOVA, were performed to assess differences between clusters for the continuous dietary intake variables. The demographic and dietary variables considered in modelling clusters were sex, maternal education category, parental income category, total daily intake of fluoride (mg), home water fluoride concentration (ppm), daily brushing frequency and the amounts (in L) of daily water and other sugar-free beverages, milk, sugar-sweetened beverages and 100% juice (that is, undiluted juice with no added sugar) consumed in 1 day. The time-varying covariates (for example, daily brushing frequency) were all represented in the same way as the dietary variables. AIC was used to determine which subset of predictors best-explained cluster membership.
Our approach to the statistical modelling was to avoid the selection of a single "best" model, as the authors feel the selection of one model may overlook other potentially important predictors. Because models within 2 AIC units of each other are deemed to have no worse penalized fit, we present all models within 2 units of the lowest observed AIC value, which we call the "favoured" model. This allows us to discuss other recurring predictor variables not chosen by AIC in the "favoured" model.
| RESULTS
Among the 396 participants, 64.1%, had caries experience at age 17, while 37.4% had caries experience at age 13. Correspondingly, the mean DFS increased from 1.3 to 3.6 during this period, and 55.8%
of the participants had caries increments, with the mean increment being 2.4 surfaces. It should be noted that most of the DFS increment was filled surfaces, and that no teeth were lost due to caries (that is, there were no "missing" teeth).
The forced zero clustering approach was chosen and the three clusters were defined as follows: Cluster 1 included participants who had zero DFS at age 17 and no incidence from the age 9 or 13 examinations (n=142); Cluster 2 included those who had some caries experience at age 13, but had low DFS incidence from 13 to 17 (n=145); and Cluster 3 included those who had higher DFS levels at age 13 and had higher incidence from 13 to 17 (n=109). The three clusters are depicted graphically in Figure 1 .
Bivariate analyses (data not shown) revealed that the participants in Cluster 3 (high incidence) were slightly older at the age 17 exams than were the participants in Clusters 1 and 2, but this difference was not statistically significant. less likely to be from families with higher incomes; specifically, 58% of these participants came from families with annual incomes of $60 000 or more, which is lower than for participants in Cluster 2 (68%) or Cluster 1 (75%).
F I G U R E 1 Mean decayed and filled surface by age at examination and cluster membership for participants in the Iowa Fluoride Study
Based on AIC, averaging the dietary variables over the period of 9-17 years provided a better-penalized fit to the data compared to other variable representation methods considered. 19 This suggests that for individuals, the consumption from the 9 to 13 period was not different enough from the consumption from the 13 to 17 period to justify representing it as two separate variables. Table 1 presents bivariate analyses of cluster membership with dietary and fluoride intake variables defined as the average exposure and intakes over the period from 9 to 17 years. There were no differences among clusters based on mean daily fluoride intake or mean home water fluoride concentration, and no differences in mean daily sugar-sweetened beverage consumption. However, participants in Cluster 1 had higher 100% juice consumption (P<.01) than those in either of the other clusters, while there was no difference in 100% juice consumption between Clusters 2 and 3 (P=1.00). Cluster 1 participants also had higher milk consumption (P=.04), which was marginally higher than those in Cluster 2 (P=.06) and Cluster 3 (P=.07); again, there was no difference in milk consumption between Clusters 2 and 3 (P=1.00).
For water and sugar-free beverage consumption, those in Cluster 1 had marginally higher consumption than did those in Cluster 3 (P=.07), but there were no differences between Clusters 1 and 2 (P=.22) or Clusters 2 and 3 (P=.80). Finally, in addition to the data shown in Table 1 , participants in Cluster 1 had significantly higher brushing frequency than did those in either Cluster 2 or 3 (P=.02).
A series of multinomial logistic regression models were developed to predict cluster membership, with model selection based on the AIC. Table 2 presents models with the least penalized (best) fits based on the AIC for models within 2 units of the lowest observed AIC value. All models included 100% juice consumption, sex, average daily tooth brushing frequency and mother's education level. Other variables, including water and sugar-free beverages, milk and home fluoride concentration appeared in some models, while sugar-sweetened beverage consumption, total daily fluoride intake and annual family income did not appear in any of the preferred models. In addition to the data presented in Table 3 , there were no significant pairwise differences observed between Clusters 2 and 3 in the odds of cluster membership for average 100% juice intake (P=.15), average tooth brushing frequency (P=.18) or maternal educational level (P=.26). Females had significantly higher odds than males of belonging to Cluster 3 (P<.01).
| DISCUSSION
These longitudinal trajectory (cluster) analyses demonstrate that there was an identifiable group who experienced high caries incidence during adolescence, while another group had virtually no caries incidence during that period. These findings are consistent with US national data that have documented health disparities and shown that caries tends to be concentrated in a minority of individuals.
3
The findings also highlight that certain factors, (including lower maternal educational levels, less frequent tooth brushing, lower 100% juice consumption and being female) are associated with being in the high caries incidence cluster.
Our finding of a significant association between a lower SES indicator (maternal education) and the high caries cluster is not surprising, as caries is a disease that has been associated with poverty in many previous studies. [7] [8] [9] 11, 12, 20 Similarly, caries has also been associated with less frequent brushing. 8, 9, 21 Previous studies have been inconsistent in their findings on caries and sex, with no consistent pattern favouring higher caries in one sex or the other; thus, our finding of females making up a majority of individuals in the high caries cluster is surprising, but not inconsistent with the literature.
The findings of higher 100% juice consumption being associated with lower caries incidence are also consistent with some of our previous findings from this cohort, 15 but it nonetheless merits comment, as does our lack of a significant association between sugar-sweetened beverage intakes and high caries incidence. While both 100%
juice and sugar-sweetened beverages contain sugars, and each is cariogenic, there are some important distinctions. First, 100% juice is more expensive than are most sugar-added beverages, so that its apparent protective effect could reflect the higher SES of those consuming it. Second, 100% juice consumption also could be associated with healthy behaviours including healthier, lower sugar diets overall and regularly eating breakfast, as well as healthier lifestyles. Lastly, the way 100% juice and sugar-sweetened beverages are consumed likely differ, in that 100% juice is often consumed in one sitting (at breakfast, for example) covering a brief amount of exposure to the oral cavity, whereas sugar-sweetened beverages may be consumed over longer periods. Although sugar-sweetened beverage consumption was slightly higher in the high caries incidence cluster, the clusters did not differ in sugar-sweetened beverage consumption (P=.32). This could be due to the relatively low consumption of such The estimate is the change in log---odds for being in Cluster 1 when we increase one unit or are in the displayed group. The odds ratio and confidence interval are the multiplicative change in odds of being in Cluster 1 compared to Cluster 2 or Cluster 3 when the variable is increased by one unit or is in the reference group. Indicates reference group.
beverages among members of the cohort, and to their relative affluence.
It should be noted that, while the most favoured model found membership in the high caries cluster to be associated with lower maternal education, less frequent brushing, lower 100% juice consumption and being female, other models (Table 2) , with similar model fits (as measured by AIC) also found lower milk and water consumption and lower home water fluoride concentration to be associated with the high caries cluster. As such, the most favoured model (as detailed in Table 3) should not be considered as the "final" or definitive model, as other models with slightly different sets of independent variables could have been chosen based on similar AIC values. We believe that the AIC is a useful criterion to be used in analyses determining factors associated with dental caries incidence, because dental caries has a complex aetiology and presenting a single, "final" model could oversimplify the complexity of the interplay among variables. The most favoured model was chosen for interpretation in this paper based on the four variables being consistently included in all of the models tested and because it provided a more straightforward interpretation of the findings; nonetheless, we included the other possible models with similar AIC values to give the reader a more complete picture of caries risk factors. Moreover, it should be noted that all possible variable combinations were considered for models in this analysis (including models containing sugar-sweetened beverage consumption and total fluoride exposure variables);
however, including these variables in the model did not provide enough additional predictive information to justify their inclusion in the chosen models (ie the AIC values of the models where they were both included were larger than 2 units from the lowest observed AIC value). Therefore, these models were not presented in the manuscript.
As noted above, the IFS cohort is a relatively homogenous and high-SES group and this is a key limitation of the study. Moreover, those who remained in the study, completed the dental examinations at ages 9, 13 and 17, and provided sufficient data to meet our inclusion criteria were likely more knowledgeable about oral health and as a group practices healthier behaviours than the general population. Thus, findings from this study should be generalized to the larger population with caution. Nonetheless, large, long-term longitudinal studies are rare, and the ability to determine clusters based on long-term caries experiences and predicts cluster membership based on longitudinal risk factors is clearly a strength of the study.
In conclusion, the use of a clustering algorithm and use of Akaike's Information Criterion (AIC) to determine the best representation of the data were demonstrated to be useful means of describing and presenting longitudinal caries data. The findings suggest that high caries incidence in adolescence is associated with lower maternal educational level, less frequent tooth brushing, lower 100% juice consumption and being female, although lower milk and water consumption and lower home water fluoride concentrations could also be risk factors.
ACKNOWLEDG EMENTS
This study was supported in part by the National Institutes of Health grants R03-DE023784, R01-DE12101, R01-DE09551, UL1-
